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I. INTRODUCTION 
Multicellular plants are characterized by a high degree 
of organization, and component cells of their tissues mani­
fest extensive differentiation. The location and type of 
differentiation is mutually determined by the cells of these 
plants. The controlling effect of one part of a plant on 
a growth or developmental process in another part by means 
of hormones is called a "correlation phenomenon." One member 
of a large group of such phenomena is the influence of 
leaves and buds on differentiation of vascular tissues in 
stems. 
A current interest of plant scientists is to understand 
the factors controlling vascularization in the apical region 
of intact plants. Due to the minute size of shoot apices, 
however, studies have centered on regenerative formation of 
vascular tissues around wounds in plant stems. While xylem 
regeneration has been fairly well documented, much less is 
known regarding phloem. Regeneration of phloem around a 
wound inflicted in a vascular bundle of the stem is similar 
in some respects to the differentiation of phloem in the shoot 
apex: sieve tubes differentiate prior to xylem elements, and 
the latter differentiate radially adjacent to previously 
existing sieve tubes (Esau, 1965; Thompson, 1967). Re­
generated sieve tubes differentiate from procambial cells and 
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from interfascicular, residually meristematic parenchymatous 
cells. They circumvent the wound to re-establish continuity 
of the severed phloem bundle (Kaan Albest, 19 34; Eschrich, 
1953) . 
Current evidence for hormonal control of primary phloem 
regeneration derives from studies of appropriately wounded 
stems of whole plants or their parts (Kaan Albest, 1934; 
Eschrich, 1953; LaMotte and Jacobs, 1963; Thompson and 
Jacobs, 1966; Thompson, 1966, 1967) and from grafting experi­
ments with root expiants (Camus, 1949). Induction of phloem 
in tissue cultures is dependent on similar hormonal factors 
(Wetmore and Rier, 196 3; Rier, 1970). 
Published quantitative studies of regenerative phloem 
formation in plants or plant parts have all involved wounded 
vascular bundles containing both xylem sind phloem tissues. 
However, since quantitative studies of the control of re­
generative formation of one primary vascular tissue inde­
pendent from the wounding and regeneration of the other 
one have not been reported, the question arises whether re­
generation of both xylem and phloem are directly limited by 
auxin, or whether regeneration of one vascular tissue is 
dependent on the wounding and/or regeneration of the other. 
To study the regeneration of phloem alone, xylemless 
phloem bundles in number 5 internodes of Coleus plants or of 
excised portions of such plants were wounded. Internodes were 
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supplied with lAA and other hormonal or nutritional factors, 
and regeneration of sieve tubes around such wounds was 
quantitatively determined. Results of these investigations 
of phloem regeneration unaccompanied by xylem regeneration 
are reported here. 
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II. LITERATURE REVIEW 
The physiological control of phloem formation has been 
studied much less than that of xylem, undoubtedly because 
elements of the phloem are less easily distinguished in 
tissue preparations than are xylem elements. Phloem forma­
tion resulting from treatments with various hormonal or 
nutrient factors has been studied in callus cultures, root 
cultures, root tissue expiants, wounded plants, and wounded 
excised internodes. A recent review by Jacobs (1970) covers 
this subject. Due to the spatial and temporal relation­
ships of phloem to xylem during development, selected papers 
have also been mentioned that treat xylem differentiation, . 
notable of which are recent reviews by Roberts (1969) and 
Torrey, et al, (1971). 
A. Phloem Regeneration 
Regeneration of sieve tubes was early studied in detail 
by Kaan Albest (19 34) who observed regeneration around 
wounds in corner vascular bundles of Impatiens, Coleus, and 
other plants. Eschrich (1953) later confirmed and extended 
this work. He wounded the middle vascular bundles of 
Impatiens internodes and described the developmental anatomy 
of phloem regeneration and cytology of cells formed in this 
process. 
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Both of these workers performed experiments to show 
the functional ability of regenerated sieve tube strands. 
In a single 5-sided internode of Impatiens, Kaan Albest 
(1934) made a cut across one side, which severed both corner 
vascular bundles, and repeated this on each side of the same 
internode at different levels. This resulted in two cuts 
in each corner bundle. The plants, kept moist during the 
recovery time, survived and grew normally. The timing of 
recovery correlated well with the timing of vascular re­
generation, and sections cut from the wounded internodes 
revealed that regeneration had indeed occurred. 
Eschrich (195 3) supplied potassium fluorescein to inter­
nodes of Impatiens distal to the wound site at different time 
intervals after wounding. When fluorescein was added 6 days 
after wounding, the fluorescence spread in the starch sheath 
above the wound and down along the sides. Some fluorescence 
was accumulated by the differentiating, isolated, wound 
sieve tube members even before their sieve plates were 
recognizable. After 8 days wound sieve tube strands had 
completely joined up with newly formed phloem strands above 
and below the wound, sieve plates had become perforated, and 
fluorescence was no longer in the starch sheath but instead 
entirely in sieve tubes and their companion cells. Thus, as 
soon as the sieve plates had been differentiated, transport 
of fluorescein in wound sieve tubes was the same as in the 
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pre-existing sieve tubes. 
Vascular regeneration, although involving both cell 
division and differentiation, follows a general developmental 
pattern operative over an entire group of cells. Sinnott 
and Bloch (1945) observed early developmental stages in the 
formation of regenerated phloem strands around wedge-shaped 
cuts in immature internodes of Coleus. They found that 
(1) the density of the cytoplasm increased in a series of pith 
cells along the course of future vascular strands, (2) the 
plane of cell divisions was parallel to the course of future 
vascular strands, (3) sieve tube members differentiated 
from the "provascular" strand, and (4) sieve tube members 
Jinked up in an irregular course to form a new continuous 
phloem strand. The authors stated that the stimulus for this 
developmental pattern may have originated from the basal end 
of the severed vascular bundles. 
The studies of Sachs (1968a, b, 1969), although concerned 
with xylem, have a bearing on developmental patterns of all 
vascular tissues. He proposed that the pattern of vascular 
tissue differentiation could be understood on the basis of 
polar properties of plant cells with regards to auxin trans­
port. He demonstrated that lateral placement of lAA on the 
surface of pea roots could induce formation of xylem strands 
which proceeded almost transversely across the cortex to the 
central vascular cylinder. The vascular tissues appeared 
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to act as an attractive sink which determined the direction 
of the new stream of auxin. Such induction of vascular 
strands could be prevented by application of lAA to the 
central vascular cylinder at the same time that lAA was 
applied to the surface of the root, but in cases where xylem 
induction did occur, the induced strand proceeded nearly 
parallel to the vascular cylinder, which then appeared to be 
less effective as a sink for auxin. When the vascular system 
was cut, the auxin stimulus found a pathway through the 
neighboring cells to other vascular tissues which apparently 
acted as an attractive sink for auxin. When a graft of 
tissue was inserted into the root, vascular strands re­
generated through the segment to re-establish the vascular 
continuity of the root. The pattern of the regenerated 
strands varied according to the orientation of the graft 
segment and thereby indicated that the cells in the graft 
segment had a definite polarization. The influence of the 
auxin stream from shoot to root was sufficiently strong, 
though, to reverse the polarity of the cells in an inverted 
graft segment. 
Sachs concluded from his work the following views of 
mutual dependency between polar auxin movement and the 
polarization of cells leading to vascular differentiation. 
Cells have a definite polarity which makes possible the 
polar movement of auxin. Auxin tends to move mainly in 
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vascular tissues, but if they are severed, the auxin causes 
parenchyma cells to carry it in a certain direction. This 
polar movement of auxin increases the polarization of these 
parenchyma cells and induces the differentiation of vascular 
strands, which then have an increased ability to transport 
auxin. Passage of auxin through the vascular tissues main­
tains their polarization. He hypothesized that this "auto-
catalytic" relationship would explain the formation of vascu­
lar cells in definite and ordered strands. Although auxin 
does induce formation of vascular cells in tissue cultures, 
the lack of polar movement of auxin prevents differentiation 
of vascular strands there. 
Sachs does not indicate how cells initially acq 's 
polarity to enable them to transport auxin in a polar manner, 
but pre-supposes that they have a polarity which then is 
increased by polar transport of auxin. Although the attrac­
tion of auxin toward an auxin sink might engender polarity 
in the intervening parenchyma cells, this would not account 
for the initial vascularization in a plant embryo or seedling. 
Evidence that a stimulus diffusing from cut phloem is 
responsible for inducing phloem regeneration was obtained by 
LaMotte and Jacobs (1963). They showed that more regeneration 
resulted when two vascular bundles were severed by a wound 
than when only one was severed. 
To study the regeneration of phloem apart from any effect 
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emanating from severed xylem or from cells involved in the 
ensuing regeneration of xylem, two different lines of re­
search have been followed. One involved the wounding of 
xylemless phloem bundles in the internodes of Impatiens 
(Kaan Albest, 19 34). In attempting to find evidence of a 
wound hormone effect on phloem regeneration she made 
longitudinal wounds between the large vascular bundles of 
Impatiens stems. Of the wounds that did not intercept any 
xylem, nine of them failed to cut any vascular tissue at all, 
and even though they penetrated close to the vascular bundles, 
yet no regeneration occurred. Ten wounds severed xylemless 
phloem bundles, and in seven of these, regenerated sieve tubes 
developed. Only wounds which severed bundles containing both 
xylem and phloem showed any xylem regeneration. No wounds 
severing xylem only were reported. While unsuccessful in 
finding evidence for wound hormone effect on phloem regenera­
tion, Kaan Albest did show that the wounding of xylemless 
phloem bundles evoked the formation of sieve tubes only. 
Another line of evidence involved the selective wounding 
of either the primary xylem or the primary phloem of a 
vascular bundle of Coleus (Roberts, 1960; Roberts and 
Fosket, 1962). Puncture wounds were made by passing a glass 
needle through an internode in attempts to puncture xylem 
elements or the pith in the vicinity of the xylem. Other 
punctures were directed through the cortex toward the phloem. 
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No regeneration resulted from the xylem punctures, but punc­
tures directed toward the phloem did cause regeneration of 
xylem. (No observations were made of phloem regeneration.) 
Because they apparently did not specifically determine if the 
wounds directed toward the phloem had left the adjacent xylem 
intact/ the authors could only conclude that xylem regeneration 
may be caused by factors from the cut phloem or from cut 
phloem and xylem. They admitted that it was impractical at 
this time to continue this line of research. This is 
understandable because of the limitations of their methods. 
They claimed that a wound in the vicinity of a xylem strand 
was as effective as a direct puncture. However, they did 
not provide convincing evidence for this, which is essential, 
as it seems contradictory to Kaan Albest's observations 
(19 34) : wounds inflicted close to vascular bundles did not 
elicit any regeneration. Roberts' published illustrations of 
sections through the regeneration area near the wounds pro­
vide no convincing evidence to support his claims. In Figure 
3 of his 1960 paper the strana of regenerated wound xylem 
resembles a segment of intact xylem, especially since its 
spatial relationship with intact xylem strands is not 
demonstrated. Neither is information from serial sections 
presented. Figure 4 of the same paper shows a rupture in a 
xylem vessel which appears might have been caused in the 
sectioning process rather than by the puncture or by pressure 
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of cell division and enlargement in the nearby wound area. 
These two papers reporting puncture wound experiments repre­
sent attempts to study possible interactions of xylem and 
phloem during vascular regeneration, but more satisfactory 
methods seem to be required. 
Regeneration of phloem has been reported in callus which 
bridged girdle wounds of grapevines (Sidlowski, et al., 
1971). Callus bridges formed within 16 days after wounding, 
and phloem connections were re-established a few days 
later. 
B. The Role of Shoot Organs and Auxin in 
Phloem Regeneration 
The effect of leaves and buds on phloem regeneration was 
demonstrated by early work of Kaan Albest (1934), who showed 
that phloem regeneration around stem wounds of Impatiens was 
decreased by removal of shoot organs distal to the wound. 
She suggested that the effect of distal shoot organs was 
due to some substance produced in the leaves and buds and 
transported basipetally in the stem. She claimed that proximal 
leaves and buds had no detectable effects. However, in plants 
that were decapitated above the stem wound and that retained 
all proximal leaves and buds, phloem regeneration occurred 
at a faster rate than in excised internodes without leaves 
or buds. This indicated indirectly a promotive effect on 
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regeneration exerted by proximal organs consisting of leaves, 
buds, and root system. 
Quantitative studies of phloem regeneration in Coleus 
were later made possible by techniques developed by LaMotte 
and Jacobs (1962). Using these quantitative methods, LaMotte 
and Jacobs (1963) and Thompson (1966) conducted organ removal 
experiments with Coleus and confirmed the pioneer work of 
Kaan Albest. In one experiment the average phloem regenera­
tion obtained by LaMotte and Jacobs (1963) for intact plants 
was 22.2 regenerated phloem strands as compared to 4.7 with 
all shoot organs off, 11.5 with all distal shoot organs off, 
and 25.2 with all proximal shoot organs off. This clearly 
showed the promotive effect of the distal leaves and buds 
on phloem regeneration, and that proximal leaves and buds 
exerted an influence in the absence of distal shoot organs. 
Earlier work of Jacobs (1952, 1954, 1956) revealed that 
xylem regeneration was dependent on lAA produced in young 
leaves. LaMotte and Jacobs (1963) and Thompson (1966) 
showed that phloem regeneration also was dependent on lAA. 
Complete replacement for the effect of shoot organs on re­
generation of phloem was obtained by application of lAA in 
aqueous solution or in lanolin paste to cut stumps of plants 
from which all leaves and buds had been removed. 
Further work of LaMotte (Unpublished) showed that phloem 
regeneration around wounds in xylemless phloem bundles in 
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Coleus was similar to that which Kaan Albest found in 
Impatiens, also around xylemless phloem bundles. In each of 
4 plants for each treatment one wound was inflicted in the 
number 5 internode. The mean regenerated sieve tube strands 
per wound which resulted from each treatment were as follows ; 
(1) intact plants/ 2.9 + 1.6, (2) plants with all leaves and 
buds removed, decapitated above the wounded internode, and 
having plain lanolin applied to the cut surface of the stem, 
1.0 + 0.7, and (3) plants modified as in the previous treat­
ment, with application of 1% lAA in lanolin, 3.9 + 0.7. 
Application of lAA significantly increased the phloem re­
generation in such plant stumps without leaves and buds. 
An outstanding question was whether the root systems of 
plants supplied any requirements for phloem regeneration in 
plant stems. Phloem regeneration in wounded, excised inter-
nodes of Coleus, supplied at their apical ends with lAA in 
lanolin, was compared with that in similarly wounded intact 
plants. LaMotte and Jacobs (1963) found that phloem régénéra 
tion in lAA-treated, number 5 internoùes averaged 22.2 regene 
rated strands as compared to 8.8 strands in plain lanolin con 
trois after 7 days, whereas after only 4 days intact plants 
averaged 28.6 strands. This demonstrated the lAA dependence 
of phloem regeneration in excised internodes, but their re­
generationdid not attain the level observed in intact plants 
The failure of lAA to replace the effect of the entire plant 
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phloem regeneration in excised internodes may indicate that 
some material supplied by the root system to the stem of the 
intact plant was limiting for phloem regeneration in excised 
internodes. Incomplete replacement by lAA. when applied to 
excised internodes was also reported by Whighaiti (1971) on 
the basis of six experiments using an auxin concentration 
of 1% lAA in lanolin. 
The dependence of phloem regeneration on lAA concen­
tration was demonstrated by Thompson and Jacobs (1966). 
Wounded, excised number 5 internodes of Coleus were supplied 
apically with lAA at concentrations ranging up to 1%. In­
creasing concentrations of lAA evoked corresponding increases 
in phloem regeneration. Unlike the results obtained by 
LaMotte and Jacobs (1963) and Whigham (1971), lAA was ef­
fective in replacing the effect of the rest of the plant on 
phloem regeneration; lAA concentrations of 0.1 and 1% in­
duced regeneration even greater than that in intact plants. 
Younger, number 2 excised internodes, when treated with a 
similar range of lAA concentrations, also showed increased 
phloem regeneration with increased lAA concentration, except 
for the highest concentration of 1% which did not stimulate 
any further increase in regeneration. Auxin saturation may 
have been reached, and some other factor or factors might 
then have become limiting. The excised number 2 internodes 
were much less responsive to lAA than number 5 internodes. 
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lAA at a concentration of 1% in lanolin evoked phloem regener­
ation in number 5 internodes 5 times as great as in number 2 
internodes, and in the latter lAA could not replace the ef­
fect of the rest of the plant on phloem regeneration. It 
seems probable that some substance from the plant root system 
may have been limiting. 
The same concentration of lAA that fully replaced the 
effect of the plant on phloem regeneration in excised number 
5 internodes/ effected only partial replacement in the corre­
sponding internode of plants without leaves and buds when 
lAA was applied three internodes above, on the cut stump of 
number 2 internode (Thompson, 1966). This suggested that 
during long distance transport, binding or destruction 
of lAA occurred. 
Several workers have shown a relationship between polar 
auxin transport and polarity of vascular regeneration. A 
correlation was found between the 3:1, basipetal:acropetal 
polarity of lAA transport in Coleus number 2 internodes and 
the ratio of the amount of xylem regeneration obtained when 
auxin was available from opposite directions (Jacobs, 1954). 
When corner vascular bundles of number 2 internodes of 
Coleus plants were severed, 3 times as many regenerated xylem 
strands formed when distal auxin sources (leaves and buds) 
were present than when these were excised leaving only 
proximal auxin sources. Thompson and Jacobs (1966) extended 
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this investigation to number 5 internodes of Coleus and found 
that both xylem and phloem regeneration resulted only from 
apical applications of lAA, thus indicating a stronger basi-
petal polarity of lAA transport in number 5 internodes than 
in younger, number 2 internodes. Mature internodes of tomato 
showed polarity of phloem and xylem regeneration also pre­
dominantly basipetal. Distinct polarity in phloem regenera­
tion patterns was shown in time course studies by LaMotte 
and Jacobs (196 3). Coleus plants grown under long day condi­
tions showed more phloem regeneration apical to the wound 
than basal to the wound up to 5 days after wounding, but 
at the end of 7 days the amount of regeneration apical and 
basal to the wound was about equal. 
Transport and distribution of exogenously supplied lAA 
in stem tissues has been investigated by application of 
radioactive lAA to excised Coleus internodes and subsequent 
radioautography of thin sections from these. The label 
which occurs in phloem appears to remain in a water-soluble 
fraction and is not associated with cell walls as it is 
3 in the xylem. The label from H-IAA was found 3 hours 
after application to occur mainly in the secondary wall 
thickenings of the youngest tracheary elements (Sabnis 
et al., 1969), and the label in these cells increased as time 
progressed. Adjacent xylem parenchyma was labelled after 24 
hours and the label increased with time. The first label over 
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the phloem was seen after 24 hours, and after 48 hours the 
cytoplasm and slime material were the predominantly labelled 
regions of the phloem. Further studies with Coleus using 
14 C-IAA showed heavy labelling in the phloem near the sieve 
plates and slime plugs, and the label could be removed by 
leaching (Wangermann, 1968, 1970; Gee, 1972). These re­
searches in Coleus indicate the possible involvement of 
phloem in the translocation of lAA. Additional evidence was 
the recovery of labelled lAA from honey dew collected from 
aphids feeding on the stem of a young plant of Vicia faba 
fed through the first primary leaf with a solution of 
^^C-IAA (Eschrich, 1968). 
Most studies of vascular regeneration have involved 
wounds of collateral bundles in which both xylem and phloem 
were severed by a single incision. Evidence that some 
stimulus from severed phloem, or from cells involved in 
phloem regeneration, may be responsible for induction of 
adjacent xylem regeneration is suggested by several lines 
of research. In the time course of regeneration studies of 
Thompson (1967) , regenerated xylem cells in number 5 excised 
internodes of Coleus appeared one day later than regenerated 
sieve tubes, and the xylem always regenerated on the same 
radius with regenerated or previously existing sieve tubes 
in the stem. When phloem was separated from xylem by in­
serting a cover slip between them, regenerated xylem strands 
18 
formed on the phloem side of the cover slip and differentiated 
radially adjacent to sieve tube strands. It had been previ­
ously reported that lAA normally moved in vascular tissues 
(Jacobs, 1955; see also Jacobs and McCready, 1967). Leaf 
traces consisting initially only of phloem had been reported 
for Coleus (Sloover, 1958), Impatiens (Kaan Albest, 1934; 
Eschrich, 1953), and tomato (Thompson and Heimsch, 1964), 
and when xylem differentiated in these plants it occurred 
in association with previously existing phloem. These find­
ings along with his own led Thompson (1967) to conclude that 
lAA moves basipetally predominantly in the phloem or cambium. 
Roberts and Fosket (1962) concluded from their puncture wound 
experiments (whose questionable significance was discussed 
previously) that xylogenic factors were contributed by either 
phloem or both phloem and xylem. Roberts (1969) stated that 
"the extraordinary rapidity of wound vessel member dif­
ferentiation in a stem with a severed vascular bundle is 
likely related to the release of metabolic products from 
cells undergoing mitosis and phloem differentiation." 
In normal development at the shoot apex, differentiation 
of protophloem precedes that of protoxylem (Esau, 1965). 
The most thorough study of this relationship is to be found 
in two reports from Jacobs' laboratory separated by a decade. 
Jacobs and Morrow (1957, 1958) reported a strong correlation 
between the length of leaf, the longitudinal distribution of 
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the first xylem vessels, and the first sieve tubes within 
the leaf trace and main vein of young Coleus leaves. Phloem 
preceded the xylem until the leaf size reached about 3 mm, 
at which time an acropetal jump of the most distal xylem 
extended it out into the leaf tip to the same extent as that 
of the most distal sieve tubes. Round-the-clock sampling 
revealed at the next node down from the leaf an isolated locus 
of xylem initiation which differentiated apically into the 
leaf buttress and basipetally down the stem. The acropetal 
jump of xylem distribution into the leaf corresponded with 
the completion of xylem across the gap which had persisted in 
the leaf trace two internodes below. 
A parallel event was found to occur in the formation 
of the sieve tubes of a leaf trace (Jacobs and Morrow, 1967). 
Sieve tubes of a leaf trace in the stem differentiated acro-
petally towards the ^ leaf as the leaf continued to increase 
in size, but differentiation of the sieve tube was slower 
than the extension of the leaf tip. Growth of the sieve 
tube continued to lag further and further behind the leaf 
tip. Round-the-clock sampling revealed a separate locus of 
sieve tube differentiation at the base of the leaf. When 
this isolated sieve tube segment differentiated basipetally 
and connected with the acropetally differentiating sieve 
tubes in the leaf trace within the stem, the gap was closed 
so that a completed sieve tube then suddenly appeared to 
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extend distally out into the leaf tip. These parallel dif­
ferentiation patterns of phloem and xylem in the shoot apex 
are suggestive that during normal differentiation some 
physiological relationship may exist between them to corre­
late their differentiation. A remarkable temporal relation­
ship was revealed between these complex events of develop­
ment; after the isolated sieve tube segment had differen­
tiated on the outer side of the procambial strand into the 
leaf base, one plastochron later (5-7 days), the isolated 
locus of xylem differentiated on the inner side of the pro­
cambial strand into the leaf base. The similarity of 
spatial and temporal relationships of xylem and phloem in 
normal differentiation to those in regenerative differentia­
tion (Thompson, 1967) indicate that both types of differen­
tiation may be the result of a common controlling factor. 
C. Differentiation of Phloem in Organ and Tissue 
Cultures ; Substances Required 
Extensive research of Camus (1949) demonstrated that the 
influence which a bud exerted, when grafted into a root stock 
to induce differentiation of vascular tissues, was a dif­
fusible substance for which lAA or synthetic auxins could 
substitute. Buds grafted into the secondary phloem or into 
secondary xylem of endive root expiants induced the formation 
of new phloem strands which became continuous from the bud to 
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the cambium of the root. Similar results were obtained when 
the bud was separated from the stock by a layer of agar or 
cellophane. Application of lAA, IBA, or a-naphthoxyacetic 
acid to the foliar end of the root segment also induced phloem 
formation. 
Sugar has long been known to affect phloem formation. 
Early work of Molliard (1907) showed that 10 to 15% glucose 
or sucrose added to sterile cultures of Raphanus, Allium, 
and Ipomoea seedling plants increased notably the amount of 
phloem tissue in the roots. 
The importance of sugar for phloem differentiation in 
callus tissue cultures has been emphasized by several workers. 
Wetmore and Rier (1963) found that callus cultures of Syringa 
and other angiosperms required either glucose or sucrose, 
as well as lAA or NAA, for differentiation of phloem and 
xylem. Low sucrose concentrations of 1.5 to 2.5% favored 
xylem formation, and high sucrose concentrations of 3 to 4% 
favored phloem formation. Grafts of Syringa buds into 
Syringa callus induced formation of vascular nodules, which 
formed a circular pattern in the callus. The nodules con­
tained xylem internally and phloem externally. When the bud 
graft was substituted by an application of 4% sucrose with 
either lAA or NAA in a wedge of agar or by aqueous solutions 
of these fed through a pipette into the callus, vascular 
nodules also formed in a circular pattern. The diameter of 
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the circle varied directly with the concentration of auxin. 
Differentiation of phloem cells and xylary elements was in­
duced in Parthenocissus callus (Rier, 1970) by feeding 3% 
sucrose with 0.5 mg/1 lAA in solution through a micro-
pipette. Application of sucrose alone stimulated only 
callose formation. Sucrose in a concentration of 2% with 
0.1 mg/1 lAA in agar wedges applied to callus cultures of 
Phaseolus was found most effective for differentiation of 
vascular nodules containing phloem as well as xylem (Jeffs 
and Northcote, 1966). After a 6 to 8 week induction period 
the distribution of xylem and phloem simulated that of the, 
primary vascular strands of intact stems and included an 
area of cambial activity between the xylem and phloem cells. 
It seems notable that a sugar requirement for vascular 
tissue formation has only been observed in callus cultures 
or in small expiants maintained for a few to several weeks 
on a culture medium. In experiments with whole plants or 
relatively large excised portions of such plants, no sugar 
requirement has been demonstrated. In these cases it must 
be in ample supply and therefore not limiting. 
23 
D. Effects of Cytokinins on Cambial Activity 
and Cytodifferentiation 
In vascular induction experiments with Phaseolus 
callus, Jeffs and Northcote (1967) found that a marked in­
crease in phloem differentiation resulted from application 
of kinetin along with sucrose and lAA in agar wedges to the 
callus tissue. 
An experimental system has been developed by Loomis 
and Torrey (1964) , which has facilitated the investigation of 
factors affecting cambial activity. Cultured radish root 
tips were placed on nutrient medium and at the basal cut end 
were supplied with the same medium plus factors under study. 
An auxin and a cytokinin were required for cambial activity. 
MAA and 2,4-D were as effective as lAA; BA and 2iP were as 
effective as kinetin (Torrey and Loomis, 1967). The effect 
of growth regulators on cultured radish roots was shown by 
Webster and Radin (1972) to affect first the pericycle and 
subsequently the cambium. When roots were treated with 
auxin only (either lAA or NAA), a limited number of pericycle 
cells divided. When roots were treated with the cytokinin BA 
only, all of the pericycle cells divided and a wide zone of 
pericycle-derived cells was formed. The cambium, however, was 
not noticeably affected by application of a single growth 
regulator. When both auxin and cytokinin were applied, cell 
divisions of both pericycle and cambium contributed to 
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extensive secondary growth. The natural cytokinins in 
radish roots affecting cambial activity appeared to be zeatin 
and its derivatives (Radin and Loomis, 1971). Extraction 
and separation of cytokinins during root development showed 
an increase in zeatin-based cytokinins with the onset of 
cambial activity, and the application of these natural cyto­
kinins to cultured roots stimulated their cambial activity. 
There are many papers that describe effects of cytokinins 
on tracheary cell differentiation in expiant cultures, but 
they omit any reference to phloem cells. This is probably 
because tracheary cells are more easily distinguished using 
standard histological and clearing techniques. Since there 
may have been phloem also induced, but unobserved in these 
investigations, the following papers may be pertinent. 
Kinetin supplied together with lAA induced xylogenesis in 
pith expiants of Coleus (Earle, 196 8), Nicotiana (Cronshaw, 
1967) and Lactuca (Dalessandro and Roberts, 1971; Dalessandro, 
1973). The latter two papers reported zeatin to be more 
effective than kinetin. Cytokinins have bean shown to be 
required for xylogenesis in carrot slices (Mizuno, et al., 
1972), soybean callus (Fosket and Torrey, 1969; Fosket and 
Short, 1973) , Phaseolus expiants (Roberts and Baba, 1970) , 
and pea root expiants (Torrey and Fosket, 1970; Phillips 
and Torrey, 1973). The specific role of cytokinins in 
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the series of events - DNA synthesis, cell division, 
and cytodifferentiation - which lead to vascular tissue 
formation is yet unresolved (see Torrey, et al., 1971). 
E. Effects of Cytokinins on 
Shoot Growth 
The concept that cytokinins produced in the root exert 
an effect on growth of plant shoots is supported by several 
recent papers. Derooted Avena seedlings resumed normal 
coleoptile growth when supplied with kinetin or BA (Jordan 
and Skoog, 1971). A synthetic cytokinin, "SD 8339" 
[6-(benzylamino)-9-(2-tetrahydropyranyl)-9H-purine], in­
fluenced the resumption of DNA synthesis in the apical 
region of the hypocotyl of derooted soybean seedlings (Holm 
and Key, 1969) and resumption of growth occurred when GA was 
supplied with it. The fact that cytokinin was detected in 
sap exuded from Phaseolus stem stumps and that excised stems 
in culture solution died unless they formed adventitious 
roots or callus, led Wheeler (1971) to conclude that "the 
adventitious roots may have produced cytokinins that were 
essential for detached stems and leaves to survive." Burrows 
and Carr (1969) found a correlation between ^) chlorosis in 
lower leaves of sunflower plants, (2) a decline in metabolic 
activity of root apices, and (3) a decline in cytokinin 
concentration in the sap, with an increase in the time that the 
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root systems of sunflower plants were flooded. This evidence 
supported their view that root apices may be sites of cyto-
kinin synthesis. 
Cytokinin effect on the level of auxin in plants has 
been noted. Excised shoots of Coleus when supplied with 
kinetin were found to have an increased level of bound acid 
auxin (Hemberg, 1972) . This suggested a role of cytokinin 
in promoting synthesis of auxin or inhibiting its breakdown. 
Cytokinins applied with lAA to stumps of decapitated 
Phaseolus plants increased their uptake of lAA (Davies, 
et al., 1966). 
F. Occurrence of Some Endogenous 
Cytokinins 
Cytokinin activity has been obtained from fractions of 
many different kinds of plants, plant organs, and tissues. 
Notable are the number of species in which cytokinins have 
been demonstrated in plant roots; sunflower (Kende, 1965; 
Weiss andVaadia, 1965; Burrows and Carr, 1969), Phaseolus 
vulgaris (Wheeler, 1971), rice (Yoshida and Oritani, 1972), 
radish (Radin and Loomis, 1971), and pea (Short and Torrey, 
19 72). Authors of the latter two papers suggested that the 
factor isolated might be a zeatin compound. Cytokinins have 
also been found in xylem exudate of Xanthium, Impatiens, 
Lupinus, and Pisum (Carr and Burrows, 1966) , in xylem sap of 
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Acer and Betula (Carr and Reid, 196 8) , in xylem sap extracted 
under suction from grapevine canes (Skene, 1972) , and in 
phloem sap extracted by aphids from Xanthium (Phillips 
and Cleland, 1972). Sheldrake and Northcote (1968) sug­
gested that the occurrence of cytokinins in xylem sap may be 
due to differentiating xylem cells and other autolysing cells 
in which breakdown of nucleic acids occurs. 
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III. MATERIALS AND METHODS^ 
Plants from a recently re-cloned stock of Coleus blumei 
Benth. were grown from cuttings in a greenhouse in 6 inch pots 
with 16 hr/day of supplementary cool white fluorescent illumi­
nation (800 to 1100 ft-c at plant tops) from October through 
April. To promote vigorous stem growth lateral buds were 
pruned about once weekly from all plants except those of two 
treatments of one experiment (see Figures lA and B). Such 
pruning was continued year around even though it was only re­
quired during the period of poor natural illumination in winter. 
Two to six weeks prior to their use in an experiment, plants 
were transferred to a controlled environment chamber (Percival 
model PGW-108) under conditions identical to those of the 
subsequent experimental period. 
Plants having 10 to 12 leaf pairs were assigned to treat­
ments in a randomized block design after grouping them accord­
ing to stage within a particular plastochron, as determined 
by mean blade length of the number 2 leaf pair. Number 5 
^In searching for a suitable method to study phloem re­
generation independent of xylem regeneration, I attempted to 
study phloem regeneration in extraxylary flaps of tissue 
separated from excised internodes. Xylem regeneration was 
also observed as it occurred in excised internodes supplied 
with lAA through these flaps of tissue. Results support 
previous work of Thompson (1967). These preliminary investi­
gations are presented in the Appendix, page 77. 
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internodes^ subtending the fifth pair of expanded leaves below 
the terminal bud (see Jacobs, 1952 and 1954 for further de­
tails) were wounded midway between the fifth and sixth nodes 
on the two sides subtending the number 5 leaves. To sever 
2 
only the xylemless phloem bundles , a wound 1-2 mm deep was 
inflicted next to each "corner" vascular bundle with a number 
11 Justrite surgeon's blade. The edge of the corner vascular 
bundle could be detected by observing the stem placed in 
front of a lamp in a darkened room. Four such wounds were 
inflicted in each of 4 plants per treatment, and 50 to 80% 
of these wounds successfully severed only xylemless phloem 
bundles, leaving intact the adjacent bundles containing both 
xylem and phloem. After the wounding, plants were left 
The number 5 internode was selected because it is the 
the youngest internode to cease elongation, contains fully 
developed primary vascular tissues but no secondary tissues, 
is sufficiently large to be easily handled, and has been 
used by previous authors to investigate phloem regenera­
tion. 
2 Those vascular bundles of the number 5 internode 
which contained phloem but no xylem are referred to as 
"xylemless phloem bundles" inasmuch as they did not con­
tain any xylem. On rare occasions a few xylem cells were 
observed along such a bundle but were never found near the 
wound site. 
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otherwise intact (Figure 1) or were modified in one of the 
following ways. 
1) "Excised shoots" (Figure 2) - Plant shoots were 
excised at the basal end of internode number 5 
or 7. 
2) "Plant stumps" (Figure 3A) - All leaves, buds, 
and branches were excised from the shoots and they 
were decapitated one cm above the number 5 
node. 
3) "Excised plant stumps" (Figure 3B) - Plant stumps 
were prepared as above and then were excised just 
above the level of root attachment. 
4) "Excised internodes" (Figure 4) - Number 5 
internodes were excised so as to leave attached 
to them only the number 5 node, the basal one cm of 
the number 4 internode, and the two 1 cm number 5 
petiole stumps. 
These terms will be used hereafter to indicate experimental 
plant materials used. To reduce water loss, lanolin was 
applied to all cut surfaces except those at the base of 
excised internodes and shoots, which were placed in distilled 
A 
Wounds in no. 
5 internode 
Wounds 
u> 
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Figure 3. Plant stumps 
33 
No. 5 petiole stump 
No. 5 internode 
Lanol i  n 
Stump of no. 4 
i  n ternode 
Wo u n d 5 
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water or test solutions. Excised internodes were suspended 
in vials by their attached petiole stumps, which rested on 
the lip of the vial. After being wounded to sever xylemless 
phloem bundles, treated plants or their parts remained for 
7 days in the controlled environment chamber. They received 
16 hr/day of mixed incandescent and cool white fluorescent 
illumination of 2000 to 2500 ft-c intensity at the tops of 
the plants. Temperatures were 24° C during the illumination 
period and 20° C during the dark period. 
Experimental treatments included apical applications of 
lAA in anhydrous lanolin to apical cut stem surfaces of 
excised internodes (Figure 4) or plant stumps (Figure 3). 
lAA was tested in concentrations of 0.1, 1, and 10%; and 
plain lanolin was applied to the controls. Excised internodes 
were supplied basally with various nutrients and hormones 
(or hormone-like substances) in aqueous solution, whereas the 
controls received only distilled water. To minimize the 
effects of microorganisms, treatment solutions were replaced 
once during the experimental period. To maintain a constant 
supply of lAA in lanolin, apical applications Were also re­
placed once. The following substances or mixtures of 
substances were tested individually or in combination: 
sucrose, L-glutamic acid, L-glutamine, L-proline, a complete 
nutrient medium for Coleus tissue culture (Earle, 1968) , 
mineral constituents of this medium, kinetin, kinetin 
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riboside, 2iP, 2iPA, zeatin, and zeatin riboside. 
At the conclusion of an experiment, thin phloem-con­
taining strips for microscopic examination were prepared ac­
cording to the methods of LaMotte and Jacobs (1962) which 
consisted of the following steps. Internodes were excised, 
halved longitudinally, fixed in Craf III (Sass, 1958) for 
at least 24 hr, then transferred to 85% lactic acid to 
toughen the tissues. Under a dissecting microscope, a "peel" 
of extraxylary tissues consisting of phloem (both pre-existing 
and regenerated), cortex, and epidermis, was carefully dissect­
ed from the xylem-pith cylinder and stained in 0.1% aniline 
blue in 85% lactic acid for at least 24 hrs. Watchmaker's 
forceps and a blunt probe were used to dissect the epidermis 
and most of the cortex away from the peels so as to leave 
only a thin strip consisting of phloem, interfascicular 
tissue, and a few layers of inner cortical cells. These 
strips were dehydrated in an alcohol series, transferred to 
xylol, and mounted in xylol-piccolyte on glass slides. 
Thin xylem-containing strips were prepared from the 
xylem-pith cylinders, using the methods of Thompson and 
Jacobs (1966), which consisted of the following steps. The 
cylinders were transferred from lactic acid to water for 2 
hr, then placed in a saturated solution of basic fuchsin in 
28 to 30% ammonia for 2 hr, and replaced into water for 
8 to 12 hr. Excess stain was removed by soaking for several 
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days in 50% alcohol, ultimately leaving only the tracheary 
elements stained intensely red. A thin longitudinal slice 
containing regenerated and pre-existing xylem was cut from 
each cylinder, dehydrated, and mounted in xylol-piccolyte 
together with the corresponding phloem-containing strip on 
the same slide. 
Using coded slides so that the investigator was unaware 
of the treatment represented, regenerated sieve tube strands 
were counted (Figure 5) following the conventions of LaMotte 
and Jacobs (1962). Regenerated phloem strands which could 
clearly be discerned were counted even though they might not 
exhibit blue staining of high intensity. Subsequent to such 
counts, the corresponding xylem-containing strips were 
examined for evidence of xylem wounding. Whenever such wound­
ing was observed, the corresponding phloem count was ex­
cluded from the compiled data. All interfascicular sieve 
tube strands in an arbitarily delimited "regeneration area" 
were counted (Figure 5). Interfascicular sieve tubes were 
seldom seen outside of this area. The regeneration area ex­
tended one diameter of low power (100 X) field above and below 
the center of the wound and laterally from the edge of the 
massive corner bundle across 3 interfascicular bands. 
Early experiments were treated to complete analyses of 
variance. Each count was transformed by adding 1 to it and 
taking the square root of this sum. Because the number of 
Figure 5. Phloem strip (upper) showing regeneration areas 
compared with two low power (100 X) fields of 
view 
Enlarged regeneration areas of the phloem strip._ 
(lower) showing the quantitative evaluation of 
phloem regeneration around two typical wounds. 
Regenerated sieve tube strands were counted 
according to the conventions of LaMotte and 
Jacobs (1962). 
ap ica l  end  
to ta l  18 .5  to ta l  14 .0  
39 
phloem bundles cut varied from wound to wound in a given 
treatment and was possibly associated with the extent of 
subsequent phloem regeneration, each transformed count was 
adjusted using the regression coefficient relating these 
two, and the analysis of variance was performed using these 
derived values. Significant differences between means were 
determined using Duncan's new multiple-range test (Steel and 
Torrie, 1960). On the basis of this experience, later experi­
ments were simply statistically evaluated using Student's "t" 
test (Snedecor and Cochran, 1967), without transformation or 
adjustment for numbers of bundles cut. 
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IV. RESULTS 
Phloem regeneration around wounds cutting xylemless 
phloem bundles in number 5 internodes of lanolin-treated 
plant stumps (Figure 3A) was only 30 to 45% as great as 
that in intact plants (Table 1. Figures lA, 6). Applica­
tion of 1% lAA in lanolin to such plants induced phloem re­
generation which equalled or surpassed that in intact plants, 
thus completely replacing the effect of shoot organs on phloem 
regeneration. In 10 different experiments the level of phloem 
regeneration in lAA-treated plant stumps was comparable to 
the level of regeneration in intact plants. The over-all 
mean of regenerated sieve tube strands per wound for 96 
wounds inflicted in lAA-treated plant stumps was 12.7, and 
for 111 wounds inflicted in stems of intact plants the over-
# 
all mean was 11.8 (Table 2). Either intact plants or plant 
stumps to which 1% lAA had been applied were included as 
standards in the experiments throughout this study (Table 2). 
Phloem regeneration in lAA-treated, excised plant stumps 
(Figure 3B) was only 42% as great as that in plant stumps 
left attached to their root systems (Table 1), but exceeded 
that in lAA-treated excised internodes (Compare data in 
Tables 1 and 2). 
Phloem regeneration in plant shoots (Figure 2A) , which 
were excised at the base of the number 5 internode and placed 
Table 1. Effects of shoot organs and of lAA on phloem regeneration in number 5 
internodes of Coleus plants 7 days after wounding 
Expt. Intact plants 
no. ^ 
Plant stumps 
Apical treatment 
Plain lanolin 1% lAA in lanolin 
Excised plant 
stumps 
Apical treatment 
1% lAA in lanolin 
4 10.6 + 2.0^ (ll)b 
8 13.0 + 2.1 
6 
(14) 
3.2 + 1.0 (8)** 
5.8 + 1.2 (12) 
10.9+1.7 (13) 
17.7 + 2.2 (10) 
17.1 + 2.4 (12) 7.2 + 1.0 (13) * * 
^Mean regenerated sieve tube strands per wound and its standard error. 
^Numbers in parentheses indicate number of wounds counted. 
** 
Significantly less (P<0.01) than all other means of the same experiment. 
Figure 6. Phloem regeneration around wounds in xylemless 
phloem bundles in number 5 internodes of Coleus 
after 7 days 
The treatments illustrated, the total regenerated 
sieve tube strands counted microscopically from 
each slide preparation shown, and the mean number 
of regenerated strands of all replicates of each 
given treatment are as follows : 
Treatment 
No. of regenerated 
sieve tube strands 
in illustrated 
wound area 
Mean of 
all . 
replicates 
Expt 
no. 
A. Intact plant 18.0 13.0 8 
B. Plant stump + 
1% lAA. in lanolin 18.0 17.7 8 
C. Excised internode + 
1% lAA in lanolin 5.0 5.1 6 
D. Plant stump + 
plain lanolin 3.0 5.8 8 

Table 2. Effects of apically applied lAA on phloem regeneration in excised number 
5 internodes of Coleus plants 7 days after wounding 
Expt. Intact Plant stumps Excised number 5 internodes 
no. plants IAA concentration in lanolin 
with 1% IAA 1% 0% Other 
2^ 10.4 + 1.6^(14)° 5.7 + 0.9(13)f 1. 3 + 0.3(15) 3.3 + 0.6(13)® 
3 13.2 + 1.8(14) 3.7 
2.6 
+ 
+ 
0.9(11)^ 
0.8(8) 
1. 8 + 0.6(11) 
4 10.6 + 2.0 (11) 10.9 + 1.7(13) 1.4 + 0.3(10) 
5 19.7 + 3.6(10) 12.4 + 4.1(10) 4.1 + 0.8(10) 
6 17.1 + 2.4(12) 5.1 + 1.4(12) 
7 13.3 + 1.3(5) 2.7 + 1.3(5) U 
8 13.0 + 1.7(14) 17.7 + 2.2(10) 3.7 + 1.0(14)9 1. 8+0.6(15) 3.0 + 0.7(16)" 
9 16.2 + 2.4(15) 1.6 + 0.4(15) 
10 15.2 + 2.5(11) 2.2 + 0.6(10) 
11 2.1 + 0.7(9) 
12 5.8 + 1.3(8) . 8.9 + 1.4(15) 0.5 + 0.3(6) . 
0.3(9)] 11.1 + 1.5(14) X 0.7 + 
14 6.4 + 0.9(14) 4.3 + 0.5(8) 1.3 
1.0 
0.8 
+ 
+ 
+ 
0.5(10), 
0.4(11)7 
0.2(15)^ 
15 14.8 + 0.9(11) 1.0 + 1.0(10) 
11.8 (96) 12.7 (111) 2.5 + 0.2(178)™ 1 .7 + 0.3(41) Over-all means 
^All treatments of experiment number 2 were placed in the dark. All subse­
quent experiments received daytime illumination. 
^Mean regenerated sieve tube strands per wound and its standard error. 
lumbers in parentheses indicate number of wounds counted. 
d Significantly greater (P<0.01) than that of the lanolin controls and 
significantly less (P<0.05) than that of lAA-treated plant stumps. 
^Treated with 10% lAA in lanolin. 
^Not significantly different from that of lanolin controls, but signifi­
cantly less (P<0.01) than that of intact plants. 
%ot significantly different from that of lanolin controls, but significantly 
less (P<0.01) than that of intact plants, or of lAA-treated plant stumps. 
^Treated with 0.1% lAA in lanolin. 
^Intact plants with lateral branches unpruned. 
^Excised internodes from plants with lateral branches unpruned. 
Ic 
Excised internodes with lAA treatment on petiole stumps as well as on 
the apical end of the internode. 
^Excised internodes with petiole stumps removed. 
"bver-all mean is significantly greater (P<0.05) than that of the lanolin 
controls, but significantly less (P<0.01) than that of intact plants or lAA-
treated plant stumps. 
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in water, was i and 1/2 times greater than that in similarly 
excised shoots placed in 2 rag/1 kinetin solution, and equalled 
or surpassed that in intact plants (Table 3, Experiment 8). 
Shoots excised at the base of number 7 internode (Figure 2B) 
had one more pair of leaves than shoots in the preceding 
experiment and experienced slight wilting during the experi­
mental period. Phloem regeneration in these shoots was 
significantly less than that in intact plants (Table 3, 
Experiment 15). Numerous adventitious roots formed at the 
base of all excised plant shoots in water, providing they 
were not reçut during the experimental period, but roots 
did not form on shoots placed in kinetin solution. There 
was a positive correlation between the formation of adventi­
tious roots and the formation of regenerated sieve tube 
strands in those shoots which did not experience wilting. 
Phloem regeneration in excised internodes (Figure 4) 
was significantly increased by application of 1% lAA, but 
was significantly lower than that in intact plants or lAA-
treated plant stumps, (Table 2, Experiments 2, 3, 8; Figure 
6). Comparison of over-all means for excised internodes 
(Table 2) shows that the regeneration of 2.5 strands in those 
treated with 1% lAA was significantly greater than the 1.7 
strands in the lanolin-treated controls but much lower than 
the 11.8 strands in intact plants. To investigate whether 
excised internodes had a higher auxin requirement than plant 
Table 3. Effects of plant root system and of adventitious roots on phloem re­
generation in number 5 internodes of excised Coleus shoots 7 days 
after wounding 
Excised shoots 
Expt. Length: Number of 
no. Intact plants number of Basal treatment adventitious 
internodes roots& 
8 13.0 + 1.7^(14)° 5 Water 15.4 + 1.3 (5) _ 26^ 
2 mg/1 Kinetin 9.9 + 0.3 (10) 0 
15 14.8 + 0.9(11) 7 Water 4.1 + 1.2 38^ 
Water (1/2 cm 7.4 + 1.6 (8)f'9 0 
cut from basal 
end of stem 
daily) 
^Mean adventitious roots per shoot, formed at the base of the shoot. 
^Mean regenerated sieve tube strands per wound and its standard error. 
"^Number in parentheses indicates number of wounds counted. 
^Adventitious roots 5 mm long or longer. 
^Significantly less (P<0.01) than that of shoots of the same, experiment in 
water, but not significantly different from that of intact plants of the same 
experiment. 
^Excised shoots showed slight wilting throughout the experimental period. 
^Significantly less (P<0.01) than that of intact plants, but not significant­
ly different from that of the other excised shoot treatment in the same experiment. 
h Adventitious roots 10 to 20 mm long. 
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stumps, 10% lAA in lanolin was applied to excised internodes 
(Table 2, Experiment 2). It was found to be less stimulatory 
than 1% lAA, indicating that 1% lAA was optimal, or nearly so, 
for phloem regeneration in these. 
Because some of the results reported above involving 
lAA-treated, excised internodes were not consistent with 
results reported by Thompson and Jacobs (1966), the following 
tests of some of my procedures (which differed from theirs) 
were carried out. Phloem regeneration in intact plants 
appeared to be increased when lateral branches were left 
unpruned (Table 2, Experiment 12), but phloem regeneration 
in excised internodes from these was not statistically 
significantly different from regeneration in excised inter­
nodes from plants pruned weekly in the routine way described. 
Phloem regeneration in lAA-treated, excised internodes was 
not significantly changed by either addition of lAA to stumps 
of petioles of number 5 leaves, or by excision of the 
petiole stumps (Table 2, Experiment 14). 
The ability of lAA-treated plant stumps to regenerate 
as many sieve tubes as intact plants, and the failure of 
excised plant stumps or excised internodes to do so, sug­
gested that some factor supplied by the root system might be 
limiting for phloem regeneration. Therefore, excised inter­
nodes treated apically with 1% lAA were supplied basally 
with various hormone or nutrient solutions (Tables 4, 5 and 6). 
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Sucrose in a concentration of 7% did not stimulate phloem 
regeneration (Table 4, Experiment 2). Earle's (1968) complete 
nutrient medium for Coleus tissue culture nearly doubled the 
phloem regeneration, although it was not significantly dif­
ferent from that in lAA-treated controls and only 39% of 
that in lAA-treated plant stumps (Table 4, Experiment 7). 
To determine what part of the complete nutrient medium might 
be required, its different components were supplied separately. 
As shown in Table 4, mineral nutrients supplied basally may 
have slightly increased regeneration but not significantly 
so. L-Glutamic acid did significantly enhance lAA-induced 
phloem regeneration; it was 2.7 times as great as that in 
lAA-treated controls supplied basally with water, but only 
27% as great as that in lAA-treated plant stumps. L-Glutamine 
and L-proline showed no significant enhancement of phloem 
regeneration. 
The failure of these nutrient substances to enhance 
lAA-induced phloem regeneration to the level attained in lAA-
treated plant stumps suggested that some hormone originating 
in the roots might be required by the regenerating phloem 
of the stem. In several other plant species cytokinins are 
known to be produced by roots and to be translocated to 
shoots (Kende, 1965; Burrows and Carr, 1969; Wheeler, 1971). 
Therefore, several cytokinins were tested. A wide range of 
kinetin concentrations were tried, and as shown in Table 5, 
Table 4. Effects of nutrient substances on 1% lAA-induced phloem regeneration in 
excised number 5 internodes of Coleus 7 days after wounding 
Expt. ni a Excised number 5 internodes^ 
no. Plant stumps Control Treated 
2 10.4 + 1.6° (14)d 5.7 + 0.9 (13) 7% Sucrose 4.8 + 1.3 (12) 
7% Sucrose + 
0.01% kinetin 1.8 + 0.6 (13) 
7 13.3 + 1.3 (5) 2.7 + 1.3 (5) Nutrient medium 5.2 + 1.2 (7) 
Nutrient medium + 
1 mg/1 kinetin 4.4+1.0 (7) 
Nutrient medium + 
1 mg/1 kinet"^ + 
1 mg/1 GA 3.5 + 1.6 (6) 
9 16.2 + 2.4 (15) 1.6 + 0.4 (15) Mineral nutrients 3.6 + 1.1 (14) 
1 mM L-Glutamic acid 4.3+1.1 (12)* 
1 mM L-Glutamine 3.7 + 1.2 (10) 
10 15.2 + 2.5 (11) 2.2 + 0.6 (10) 1 mM L-Proline 2.0 + 0.5 (13) 
^1% lAA was applied apically to all plant stumps. 
^Treatment solutions were supplied basally. Controls received water only. 1% 
lAA was applied apically to all excised internodes. 
^Mean regenerated sieve tube strands per wound and its standard error. 
lumbers in parentheses indicate number of wounds counted. 
* 
Significantly greater (P<0.05) than that of water controls. 
Table 5. Effects of kinetin and some other cytokinins on 1% lAA-induced phloem 
regeneration in excised number 5 internodes of Coleus 7 days after 
wounding 
Expt. 
no. 
Standards Excised number 5 internodes' Control Treated 
lAA on plant stumps 
10 15.2 + 2.5^ (11)C 
13.3 + 1.3 (5) 
2.2 + 0.6 (10) Kinetin, 0.01 mg/1 1. 7 + 0.5 (10) 
0.1 mg/1 1. 8 + 0.6 (13) 
1.0 mg/1 1. 8 + 0.9 (12) 
2.7 + 1.3 (5) Kinetin, 1.0 mg/1 5. 7 + 1.2 (9) 
8 13.0 + 1.7 (14) 3.7 + 1.0 (14) Kinetin, 2 mg/1 3.2 + 1.1 (13) 
3 13.2 + 1.7 (14) 2.6 + 0.8 (8) Kinetin, 1 mg/1 2.8 + 0.6 (15) 
10 mg/1 2.7 + 0.7 (13) 
100 mg/1 2.3 + 0.7 (12) 
(saturated soin.) 
11 2.1 + 0.7 (9) Kinetin riboside. 
0.05 mg/1 1.2 + 0.5 (13) 
0.5 mg/1 1.0 + 0.1 (13) 
5.0 mg/1 2.0 + 0.7 (10) 
2iP, 0.05 mg/1 1.6 + 0.5 (10) 
0.5 mg/1 2.6 + 0.8 (11) 
5.0 mg/1 3.5 + 0.7 (10) 
2iPA, 0.05 mg/1 2.4 + 0.4 (13) 
0.5 mg/1 2.9 + 1.1 (10) 
5.0 mg/1 2.1 + 0.7 (13) 
^Treatment solutions were supplied basally. Controls received water only. 
1% lAA was supplied apically to all excised internodes. 
^Mean regenerated sieve tube strands per wound and its standard error, 
lumbers in parentheses indicate number of wounds counted. 
in 
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means of all treatments were not significantly different from 
lAA-treated controls supplied basally with water. When 1 
mg/1 kinetin was supplied together with the complete nutrient 
medium of Earle (Table 4), it did not increase regeneration 
but instead decreased it. Addition of GA decreased further 
the phloem regeneration. Five other cytokinins, including 
some which occur naturally in plants, were tested. When 
supplied basally to lAA-treated, excised internodes, kinetin 
riboside, 2iP, and 2iPA in concentrations of 0.05, 0.5, and 
5.0 mg/1 did not enhance significantly the lAA-induced phloem 
regeneration (Table 5). However, when zeatin was tested 
(Table 6 and Figure 7), increases in its concentration evoked 
corresponding increases in phloem regeneration. A concentra-
-4 tion of 6 mg/1 (2.28 x 10 M) enhanced the lAA-induced phloem 
regeneration in excised number 5 internodes to a level equal 
to that in intact plants of the same experiment. Zeatin 
riboside was similarly effective (Figure 8). In a further 
experiment (Table 6, Experiment 15) phloem regeneration in 
lAA-treated, excised internodes supplied with a saturated 
solution of zeatin was not significantly different from that 
in intact plants. 
Table 6. Effects of zeatin and zeatin riboside on 1% lAA-induced phloem re­
generation in excised number 5 internodes of Coleus 7 days after 
wounding 
Expt. Intact plants 
no. 
Excised number 5 internodes 
Control Treated 
12 5.8 + 1.3^ (8)C 
15 14.8 + 0.9 (11) 
0.5 + 0.3 (6) 
1.0 + 1.0 (10) 
0.05 mg/1 1. 4 + 0. 7 (9) 
0.5 mg/1 2. 9 + 0. 9 (10) 
5.0 mg/1 5. 6 + 1. 6 (6)d 
riboside 
0.05 mg/1 1. 8 + 0. 5 (15) 
0.5 mg/1 3. 6 + 1. 0 (101 
5.0 mg/1 3. 9 + 1. 2 (7)3 
0.5 mg/1 1. 3 + 0. 3 (7) 
5.0 mg/1 7. 0 + 1. 7 (6)^ 
50 mg/1 10. 3 + 3. 7 (3)d 
(saturated soin.) 
Treatment solutions supplied basally. Controls received water only. 1% lAA 
pplied apically to all excised internodes. 
Mean regenerated sieve tube strands per wound and its standard error. 
^Numbers in parentheses indicate number of wounds counted. 
'^ ot significantly different from mean of intact plants of the same experiment. 
Figure 7. Effects of zeatin and zeatin riboside on phloem regeneration when 
supplied basally to excised number 5 internodes of Coleus treated 
apically with 1% lAA in lanolin 
Brackets represent 2 X standard error. Experiment number 12. 
Statistical comparisons are shown on Table 6. 
Mean regenerated sieve tube strands per wound 
r o w - ^ u i  o  N  0 0  o  
N INI 
Intact plants 
Plant stumps A A  
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Figure 8. Phloem regeneration around wounds in xylemless 
phloem bundles in number 5 internodes of Coleus 
after 7 days compared to that in intact plants 
All treatments illustrated are from Experiment 
12. Excised internodes were supplied apically 
with 1% lAA in lanolin and basally with either 
zeatin riboside or water. The basal treatment 
of the internodes, the total regenerated sieve 
tube strands counted microscopically from each 
slide preparation shown, and the mean number 
regenerated strands of all replicates of each 
given treatment are as follows : 
Treatment 
No. of regenerated 
sieve tube strands 
in illustrated 
wound area replicates 
Mean of 
all 
A. Intact plants 
B. 5 mg/1 Zeatin 
riboside 
7.0 5.8 
6 . 0  3.9 
C. Water 1.5 0.5 
(In C a regenerated strand is above the wound; the "strand" 
below is an artifact) 
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V. DISCUSSION 
Phloem regeneration unaccompanied by xylem regeneration 
is auxin-dependent and is elicited by wounds severing only 
xylemless phloem bundles (Table 1). When 1% lAA in lanolin 
is supplied to plant stumps ^ phloem regeneration around such 
wounds is equivalent to that in similarly wounded, intact 
plants, whereas lanolin-treated plant stumps regenerate only 
about one-third as many sieve tube strands (Table 1). There­
fore, auxin completely replaces the role of leaves and buds 
in phloem regeneration around wounded, xylemless phloem 
bundles just as it does in phloem regeneration around wounded, 
collateral bundles (LaMotte and Jacobs, 1963; Thompson, 
1966). The present study supports early work of Kaan Albest 
(1934) who first showed that phloem regeneration was evoked 
by wounding xylemless phloem bundles, and preliminary experi­
ments of LaMotte (Unpublished) which showed furthermore that 
lAA could enhance phloem regeneration around such wounds in 
plant stumps with leaves and buds removed. 
Less total phloem regeneration occurs when small xylem­
less phloem bundles are cut than when collateral vascular 
bundles are cut. The over-all mean of regenerated sieve tube 
strands around wounds in xylemless phloem bundles in intact 
plants was 11.8 per wound (Table 2), whereas Thompson and 
Jacobs (1966) reported approximately 26 per wound in collateral 
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bundles. A possible explanation of this difference relates 
to the number of sieve tubes cut. LaMotte and Jacobs (196 3) 
showed a correlation between phloem regeneration and the number 
of bundles cut, when two or fewer were cut, and they suggested 
that phloem regeneration was limited by some material leaking 
from the cut phloem. Microscopical study of phloem prepara­
tions clearly shows that collateral bundles contain more 
sieve tubes than do xylemless phloem bundles. Consequently, 
one might expect more leakage and therefore more phloem 
regeneration to result from a wound in a collateral bundle 
than from one in a xylemless phloem bundle. 
A relationship appears to exist between the root system 
and the phloem regeneration around a stem wound in the same 
plant. Formation of regenerated sieve tube strands in excised 
plant shoots is equivalent to that in intact plants, when the 
shoots are placed in water and the leaves remain turgid 
(Table 3, Experiment 8). This is accompanied by formation 
of numerous adventitious roots on the basal end of the inter-
nodes. Weiss and Vaadia (1965) suggested that cytokinins are 
primarily synthesized in the root tip and transported in the 
xylem, and Wheeler (1971) suggested that adventitious roots 
on cuttings may produce cytokinins to replace those produced 
by the original roots. Kinetin inhibited adventitious root 
formation (Table 3), and although phloem regeneration was 
decreased by this treatment, the phloem regeneration was not 
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significantly lower than that in intact plants. It appears 
that kinetin may have partially replaced some factor that 
would have been supplied by adventitious roots, a substi­
tution such as Jordan and Skoog (1971) showed with de-
rooted Avena seedlings. The failure of excised plant shoots 
that experienced wilting to produce as much phloem regenera­
tion as intact plants (Table 3, Experiment 15), even when 
numerous adventitious roots formed at their basal ends, 
suggests that abscisic acid or some other inhibitor in the 
leaves may have increased with wilting and counteracted the 
effect of cytokinin produced in the roots. A marked increase 
in the amount of abscisic acid in leaves experiencing water 
stress has been observed (e.g., Mizrahi et al., 1971), amd 
antagonism by abscisic acid of the effects of a cytokinin 
has been demonstrated (e.g., Overbeek, et al., 1968). 
The influence of roots on phloem regeneration is further 
shown by lAA-treated plant stumps, some of which were excised 
from their roots and placed in water (Table 1). Excised 
stumps did not form any roots, and phloem regeneration was 
significantly lower than that in plant stumps which remained 
attached to their root system. The plant root system is 
evidently a source of some factor, probably a cytokinin, which 
was not present to promote phloem regeneration in the excised 
plant stumps. However, phloem regeneration in lAA-treated, 
excised plant stumps was higher than that in lAA-treated, 
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excised internodes (compare Tables 1 and 2 ) ,  as would be 
expected if the excised plant stumps had a larger cytokinin 
reservoir than the excised internodes. 
Phloem regeneration in excised internodes is auxin- and 
cytokinin-dependent. Applying 1% lAA apically along with 
zeatin or zeatin riboside basally to excised number 5 inter­
nodes induces phloem regeneration which is equivalent to that 
in intact plants (Table 6 and Figure 7), thus completely 
replacing the effect of the rest of the plant on phloem 
regeneration. Phloem regeneration induced by lAA applied 
alone to excised internodes is less than half of that in 
intact plants (Table 2). Although this level of regeneration 
is increased somewhat by addition of glutamic acid (Table 4), 
the cytokinin zeatin, or its riboside, is required along with 
lAA to attain complete replacement (Table 6 and Figure 7). 
In previous quantitative studies of phloem regeneration 
in excised number 5 internodes both xylem and phloem of 
collateral bundles were severed by stem wounds. Thompson 
(1965) and Thompson and Jacobs (1966) reported that lAA alone 
completely replaced the effect of the plant on phloem re­
generation, whereas LaMotte and Jacobs (1963) and Whigham 
(1971) obtained only partial replacement with lAA. These 
contrasting results may be due to clonal differences in 
plants used by the different authors. Phloem regeneration 
around wounds in xylemless phloem bundles is similar to that 
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of the latter two reports in which complete replacement of 
the effect of the plant is not attained by the application of 
lAA alone. Whigham (19 71) reported that phloem regeneration 
was increased in internodes that produced adventitious roots. 
Excised internodes with leaves attached and plain lanolin 
applied apically regenerated an average of 26 strands in 
internodes that also formed adventitious roots, but only 11 
strands in those that did not form roots. It appears that 
attached leaves provided an ample supply of auxin and that 
adventitious roots may have supplied another required factor, 
probably cytokinin. 
The present study suggests that cytokinin from the plant 
root system may be required along with auxin from the leaves 
and buds for phloem regeneration to occur around stem wounds 
in xylemless phloem bundles of Coleus. Cytokinins have been 
found in xylem exudate of sunflower (Kende, 1965), Impatiens, 
Lupinus, and other plants (Carr and Burrows, 1966), and are 
reported to have a regulatory function on the growth of stem 
and leaves (Wheeler, 1971; Burrows and Carr, 1969). It 
appears likely that Coleus also produces cytokinin in the root 
system and transports it through the transpiration stream to 
the stem. In excised number 5 internodes, wounds in xylem­
less phloem bundles do not sever any xylem, so therefore the 
tissues surrounding the wound may have a limited supply of 
cytokinin. In the case of a wound in a collateral bundle. 
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however, xylem as well as phloem is severed, and leakage from 
the xylem would supply sufficient cytokinin to the wound area. 
This may explain why previous quantitative investigations of 
Thompson (1965) and Thompson and Jacobs (1966) showed that 
only lAA was limiting for phloem regeneration in excised 
number 5 internodes of Coleus, but, of course, does not 
explain why LaMotte and Jacobs (1963) and Whigham (1971) 
did not obtain the same results. 
Thompson and Jacobs (1966) found that lAA could provide 
complete substitution for the entire plant in phloem regenera­
tion of excised number 5 internodes. However, the regenerated 
sieve tube strands in lAA-treated, excised number 2 inter­
nodes were only 2/5 as numerous as in the number 2 internodes 
of intact plants. In my experiments excised number 5 inter­
nodes, wounded so as to sever only xylemless phloem bundles 
and treated only with lAA, regenerated less than 1/2 as many 
sieve tube strands as intact plants (Table 2). These results 
resemble those which Thompson and Jacobs found using number 
2 internodes with collateral bundles wounded. Thompson (1966) 
and Jacobs (19 70) suggested that sugar may be limiting for 
lAA-induced phloem regeneration in number 2 internodes. 
My results indicate that a cytokinin (Table 6), rather than 
sugar (Table 4) , is limiting for phloem regeneration elicited 
by wounding xylemless phloem bundles. Perhaps in their 
number 2 internodes a cytokinin was limiting, because a wound 
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in a collateral bundle of number 2 internode would sever only 
a small number of xylem elements, and leakage into the wound 
area would supply only a limited amount of material from the 
transpiration stream. 
The specific role of cytokinin in phloem regeneration is 
undetermined, but since lAA has been shown to have a limiting 
role in the regeneration of both xylem and phloem (Thompson 
and Jacobs, 1966), cytokinin may also affect xylem and phloem 
differentiation in a parallel manner. The effect of cyto­
kinin on xylogenesis has been recently studied in several 
experimental systems. Fosket (1968) showed that mitotic 
activity was necessary for wound xylem differentiation in 
Coleus. If cell division is a prerequisite for initiation 
of xylem differentiation, then cytokinins could regulate 
xylogenesis indirectly through their regulation of mitosis. 
Cytokinin along with auxin induced DNA synthesis and subse­
quent mitosis, cytokinesis, and differentiation of tracheary 
elements in pea root cortical expiants (Phillips and Torrey, 
1973; Torrey and Fosket, 1970). Cytokinin appeared to act 
as a specific trigger for cytokinesis when added with auxin 
to soybean tissue cultures (Fosket and Short, 1973), and an 
increase in cytokinin concentration above that required for 
cell division promoted xylogenesis (Fosket and Torrey, 1969). 
Cell division activity appears to be intimately associated 
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with vascular tissue differentiation, and cytokinin evident­
ly plays a role in the regulation of both. 
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VI. SUMMARY AND CONCLUSIONS 
Wounds were inflicted in xylemless phloem bundles in 
number 5 internodes of Coleus plants to elicit vascular re­
generation. Such wounding induced only phloem regeneration 
without concomitant xylem regeneration. This shows that no 
factor from severed xylem or from cells involved in xylem 
regeneration is required for phloem regeneration. It sug­
gests that a substance, perhaps auxin, leaking from cut 
phloem bundles into the wound area fulfills a requirement for 
phloem regeneration and that other required factors are in 
ample supply in the internode tissues of intact plants. 
lAA at a concentration of 1% in lanolin applied apically 
to the main stem of decapitated plants from which leaves and 
buds had been removed (i.e., "plant stumps") induced phloem 
regeneration equivalent to that in intact plants. Thus auxin 
replaced the role of leaves and buds in phloem regeneration 
around wounded, xylemless phloem bundles just as it does in 
phloem regeneration around wounded collateral bundles. 
The extent of regeneration in lAA-treated plant stumps, 
excised from their root systems and stood in water was 
significantly less than that in plant stumps which remained 
attached to their root systems. Some factor from the root 
system appears to be limiting for phloem regeneration. The 
extent of phloem regeneration in lAA-treated, excised inter­
nodes was even less than that in lAA-treated, excised plant 
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stumps. The excised internodes are smaller and probably, 
therefore, have a smaller reservoir of factor supplied by the 
roots than do the excised, plant stumps. 
Phloem regeneration in excised plant shoots was found 
to be equivalent to that in intact plants, providing that 
adventitious roots formed and no water stress was evident 
during the experimental period. Adventitious roots evidently 
supply the factor limiting for phloem regeneration and assume 
the role of the original roots in this. 
When zeatin, or its riboside, was supplied basally to 
lAA-treated excised internodes, the amount of phloem re­
generation was equivalent to that in intact plants. Zeatin, 
or its riboside, thus replaces the role of the plant root 
system in phloem regeneration. These results show that 
cytokinin along with auxin is required for phloem regenera­
tion and suggests that the root system of Coleus supplies a 
cytokinin such as zeatin to the stem. 
It seems likely that phloem formation in the formative 
regions of the shoot may also be controlled by hormones 
emanating from the two rapidly growing regions of the plant, 
young leaves and roots. Only further work will reveal the ex­
tent to which phloem formation in the shoot apex like its re­
generation in mature stems is under such dual control. 
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IX. APPENDIX: ADDITIONAL EXPERIMENTS ON VASCULAR REGENERATION 
A. Materials and Methods 
To study the effects of factors on phloem regeneration 
around wounds inflicted in Coleus internodes without any 
influence from adjacent xylem wounds or xylem regeneration, 
excised internodes were variously modified. 
Number 5 internodes were excised, and wounds were 
inflicted according to the methods of LaMotte and Jacobs 
(1962). On one side of the internode, subtending a number 
5 leaf, a wound was inflicted midway between the fifth and 
the sixth nodes in the middle vascular bundle 2-3 mm deep 
and 1-2 mm wide with a number 11 Justrite surgeon's blade. 
The position of the vascular bundle was clearly seen silhou­
etted when brightly illuminated from behind. 
A flap of extraxylary tissue was loosened at the apical 
end of the internode on the same side in which the wound was 
inflicted. A dissecting needle was inserted and drawn down 
the internode just medial to each of the large corner vascular 
bundles for the length of the flap desired (1 cm or in some 
cases longer). A spatula was inserted at the apical end of 
the internode to separate the extraxylary tissues of the 
flap from the rest of the internode, and with forceps the flap 
was pulled loose from the xylem. The apical 2 mm of the inter­
node, containing tissues damaged by dissecting instruments. 
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was removed. The ends of the internodes and the exposed xylem 
under the flap were covered with lanolin to reduce water loss. 
The internodes were laid across small wells containing 0.7% 
agar with 5 mg/1 lAA, and the flaps were inserted into the 
agar. These preparations were kept in a moist chamber in 
the dark for 7 days, after which phloem and xylem strips 
were prepared according to the methods already described for 
microscopical examination. 
In each internode a wound was inflicted in the vascular 
tissues of the middle vascular bundle, but there were varia­
tions in the kind of tissue that was wounded and the position 
of the wound. Wounds were inflicted in: (l) the complete 
vascular bundle basal to the flap region (Figure 9A), (2) 
the flap containing phloem strands (Figure 9B), (3) the 
flap and also the xylem under it with subsequent replacement 
of the flap tightly against the xylem at the wound site 
(Figure 9C), and (4) the xylem only after the flap had 
been separated from it with subsequent replacement of the 
flap tightly against the xylem wound area (Figure 9D) . 
Modified internodes of each type were supplied with lAA by 
two methods; uptake through the flap which was inserted 
into lAA agar, and uptake through the entire apex of the 
internode inverted onto lAA agar. Phloem regeneration was 
determined according to the conventions of LaMotte and Jacobs 
(1962), and xylem regeneration was accessed by counting the 
Figure 9. Diagrammatic longitudinal section views of ex­
cised, number 5 internodes with extraxylary flaps 
inserted into agar 
Internodes were wounded so as to sever (A) xylem 
and phloem of a collateral vascular bundle basal 
to the flap, (B) phloem in the flap, (C) phloem 
in the flap and adjacent xylem, and (D) xylem 
only under the flap. (E) Xylem strand formation 
into the extraxylary flap, continuous with newly 
formed xylem within the vascular bundles in the 
basal portion of the internode. 
B 
m 
D 
Pre-existing xylem 
Newly formed xylem 
Phloem 
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wound vessel member cells located outside of the normal xylem 
bundles. 
The extraxylary flaps that were inserted into lAA agar 
were found at the end of the 7 day experimental period to 
contain regenerated xylem strands (Figure 9E). The pattern 
of xylem regenerating acropetally out into the flap was 
investigated by preparation of clearings of entire internodes 
(Figure 10). At the end of the experimental period, inter­
nodes were placed into 7% sodium hydroxide. After de-
colorization occurred, they were rinsed in distilled water, 
placed in aqueous chloral hydrate (250 g/100 ml) until nearly 
transparent, rinsed again in water, dehydrated in alcohol 
series and transferred to xylene-absolute alcohol. Internodes 
were stained in 1% safranin in xylene-absolute alcohol, de-
stained in xylene-absolute alcohol and stored in xylene. Only 
the xylem strands and the wound vessel members retained the 
stain, so consequently their pattern of distribution could 
easily be determined. 
B. Results 
Effectiveness of the flap technique was shown by the 
following experiment in which six internodes received similar 
wounds in collateral vascular bundles basal to the flap region. 
Three of the internodes were inverted with the apex onto lAA 
agar, while from the other three a flap was loosened which 
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Figure 10. Surface view diagram of a cleared, stained section 
from an excised internode of Coleus after the 
apical flap was inserted into agar with 6 mg/1 
lAA for 7 days 
Five xylem strands are shown developing into the 
flap; three branching from vascular bundles of the 
internode, and two originating from anastomoses of 
wound vessel members at the base of the flap. Cross-
hatched area between vascular bundles indicates the 
anastomoses. 
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was inserted into the lAA agar (Figure 9A). The mean 
number of sieve tube strands regenerated around wounds in the 
internodes receiving lAA through the flap was 12.7, while 
that in the inverted internodes was 8.3. In another experi­
ment, considerable phloem regeneration was found in inter­
nodes with their flaps inserted into lAA agar, but no re­
generation occurred in those with their flaps in plain agar. 
These results give evidence for effective transport of lAA 
through extraxylary tissues of Coleus. 
After it was established that lAA uptake occurred through 
the flap, the effect of lAA on phloem regeneration around 
wounds in such flaps was investigated. In seven different 
experiments a wound was inflicted in the flap tissue only 
and the tip of the flap was inserted into lAA agar (Figure 
9B). In some of the experiments the flap remained sepa­
rated from the xylem while in others it was tightly replaced 
against the xylem (Figure 9C). Callus tissue formed on 
the surface exposed in separating the flap, which increased 
the thickness of the preparation, and thereby made observa­
tion of phloem regeneration in the flap more difficult. There 
was no evidence in any of these experiments of any regenerated 
sieve tube strands around the wounds. This suggested that in 
addition to lAA, another factor might be limiting for phloem 
regeneration, which, in the case of a wound inflicted in the 
intact region of the internode, could be supplied by adjacent 
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tissues. The wounding effects in peeling the flap loose 
from the adjacent tissues of the internode may also have 
precluded phloem regeneration. 
Xylem regeneration occurred when wounds were inflicted 
in the basal intact portion of the internodes (Figure 9A). 
However, when only xylem was wounded (Figure 9D), or both 
the flap and the xylem were wounded with subsequent replace­
ment of the flap tightly against the xylem (Figure 9C), 
there was no xylem regeneration. Although lAA uptake, 
occurring through the flap tissue adjacent to the xylem wound, 
might supply lAA to the xylem wound area, yet there was no 
formation of wound vessel members. It appears that some 
limiting factor or factors in addition to lAA were present 
in the intact portion of the internode but lacking in the 
xylem wound tissue after the extraxylary flap was separated 
from it. The wounding effects in peeling the flap may also 
have precluded regeneration. 
In five different experiments in which a flap of an un-
wounded, excised internode was inserted into lAA agar, 
anastomoses of wound vessel members formed between all normal 
xylem strands at the base of the flap (Figure 10). From 
these anastomoses branch xylem strands developed out into 
the flap adjacent and medial to the large sieve tube strands 
therein (Figures 9E, 10), and after seven days the xylem 
strands extended up to one-half of the length of the flap 
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(Table 7). Additional xylem strands originated from the 
anastomoses of wound vessel members and developed acropetally 
into the flap in the middle of the interfascicular spaces 
between the larger xylem strands. Later studies indicated, 
however, that these spaces likely contained small sieve tube 
strands, which could not be discerned here because of the 
callus formation on the surface of the flap. The xylem 
strands which formed acropetally on the same radius and 
adjacent to large sieve tube strands in the flap were continu­
ous with newly-formed tracheary elements in the large vascu­
lar bundles in the intact basal portion of the internode. 
There was no enlargement of xylem strands of the internode 
beneath the loosened flap (Figures 9(E), 10). These results 
support the findings of Thompson (196 7), that xylem strands 
formed adjacent to sieve tube strands in extraxylary tissue 
separated from the xylem, and that the origins of some of 
the newly formed strands were unconnected to the main xylem 
bundles of the internode. Xylem which formed in flap tissue 
probably arose from procambial strands that were lifted from 
the xylem with the extraxylary tissues of the flap, or from 
interfascicular parenchyma. 
In a time course study of xylem cell regeneration around 
wounds inflicted in a collateral bundle of excised, number 5 
internodes of Coleus (Table 8) , reticulated and scalarifojrm 
wound vessel members were apparent five days after wounding. 
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Table 7. Time course of xylogenesis in the apical flap of 
excised, number 5 internodes of Coleus. The 
flap was inserted into agar containing 5 mg/1 lAA 
(Experiment number 11) 
Time Appearance of xylem regeneration in 
cleared internodes 
Day 1 None 
Day 2 None 
Day 3 None 
Day 4 Wound vessel members formed anastomosis at the 
base of the flap. 
Day 5 Xylem strands extended from vascular bundles of 
the internode out into the flap, adjacent to 
phloem bundles. 
Day 6,7 New xylem strands originating from the wound 
vessel member anastomosis extended out into 
the flap between the xylem strands that were 
continuous with vascular bundles of the internode. 
Control with flap into plain agar; 
Day 7 No xylem regeneration. 
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Table 8. Time course of wound vessel member formation in 
excised, number 5 internodes of Coleus. Internodes 
were wounded basal to the flap which was inserted 
into agar containing 5 mg/1 lAA (Experiment number 
12) 
veSfi 
Day 1 
Day 2 
Day 3 Elongated cells were blocked out. 
Day 4 Walls of the elongated cells were 
slightly thickened. 
Day 5 27.6+13.8^ (5)^ Light reticulation apparent on some 
of the elongated cells. 
Day 6 104.2+34.7 (5) Prominent reticulation and scalari-
fication of all wound vessel 
members. 
Day 7 150.0 +37.4 (4) Prominent reticulation and scalar-
ification of all wound vessel 
members. 
^Mean number of wound vessel members per wound and its 
standard error. 
^Numbers in parentheses indicate number of replicate 
internodes. 
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whereas in a similar experiment with intact plants, Thompson 
(1967) reported visible regenerated xylem cells three days 
after wounding. 
The flap technique for supplying lAA to the excised inter-
node was five times as effective in promoting xylem regenera­
tion as was the method of inverting the entire apex onto lAA 
agar (Table 9). Uptake of lAA through the apex to the wound 
site appeared to be greatly decreased by the removal of the 
flap. This suggested that the conduction of lAA basipetally 
to the wound site in otherwise intact internodes occurred 
mainly through the phloem. The higher level of xylem re­
generation in treatments with the flap inserted into lAA 
agar might be due to the greater surface area of phloem in 
contact with the lAA supply. 
There was no indication that sucrose enhanced the lAA-
induced xylem regeneration in these number 5 internodes 
(Table 9), but Beslow and Rier (1969) did find it to be a 
limiting factor for wound vessel member formation in the 
younger, number 2 internodes of Coleus. Their experiments 
extended over longer periods of time than did mine. 
lAA-induced xylem regeneration in excised internodes was 
more than doubled by supplying them with 1 mM L-cysteine for 
two days, and subsequently with lAA for the remainder of the 
seven day experimental period (Table 9, Experiment 9). 
Similar enhancement was obtained by Roberts and Baba (196 8) 
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Table 9. Effects of nutrient substances on lAA-induced xylem 
regeneration in excised, number 5 internodes of 
Coleus. Internodes were wounded basal to the apical 
flap and supplied with agar containing 5 mg/1 lAA 
for 7 days 
Expt. _ ._ . Number of wound 
nS. Treatment vessel members 
7 Apex of intact internode inverted 
onto lAA agar. 74.0 + 11.2^ (2)^ 
Apex of internode minus flap in­
verted onto lAA agar. 14.0 +6.6 (3) 
Flap inserted into lAA agar. 291.8 + 24.3 (4) 
8 Flap inserted into lAA agar with 
2% sucrose. 232.7 + 76.0 (3) 
9 Flap inserted into agar with 1 mM 
L-cysteine for 2 days, and 
subsequently into lAA agar with 
2% sucrose for 5 days. 294.0 +35.4 (2) 
Flap inserted into lAA agar with 
2% sucrose for 7 days. 112.3 + 32.9 (3) 
^Mean number of wound vessel members per wound and its 
standard error. 
^Numbers in parentheses indicate number of replicate 
internodes. 
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who pretreated excised Coleus internodes with L-proline 
prior to the lAA treatment. Differentiating wound vessel 
members in Parthenocissus callus were found to contain sulfur­
ic 
35 on their walls after cysteine- S was incorporated into 
the tissue (Rier and Beslow, 1967). Since the effects of 
these amino acids on xylogenesis may be indirect (Roberts 
1969; Torrey, et al., 1971), attention was directed to 
other factors affecting vascular regeneration. 
